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In a  previous  paper  (Keith  and  Pulford)  we  described  a  method
for  producing  experimental  hydronephrosis,  which  permitted  the
study  of  renal  function  in  this  condition  for  periods  varying  from
weeks  to months.  The method  used was  the partial  obstruction  of
both  ureters  near  the  ureteropelvic  juncture.  After  a  thorough
functional  study  of  hydronephrosis  thus  produced,  further  experi-
ments  were  carried  out  to  ascertain  how  quickly  normal  function
could  be  restored  after  ureteral  obstruction  was  removed.  It  was
found  that  if  the  obstruction  was  removed  within  a  week,  renal
function was  rapidly reestablished,  but ureteral  obstruction  of longer
duration often led to permanent damage to the kidney.  This method
of production  of  a lesion in the kidney with  the  later withdrawal  of
the  original  cause  offered  unusual  opportunities  for  observing  the
excretory function of the kidney during the acute and later reparative
stage  of  a  pathologic  process.  In  our  previous  work  the  excretion
of  nitrogenous  bodies,  particularly  urea,  andphenolsulfonephthalein
was  emphasized,  whereas  at  present  we  are  reporting  observations
on  the  excretion  of  chlorides.  We  have  noted  in  hydronephrosis
that  the  regulating  mechanism  concerned  in  excretion  of  chloride
differs  in  several  respects  from  that  controlling  the  elimination  of
urea  and  phenolsulfonephthalein.  This  finding  is  in  agreement
with the results obtained  by Widal and Javal,  and McLean  in other
types  of renal lesions.  In the present study it will be shown that the
water  and  chloride. intake  must  be  carefully  controlled.  Further,
it was  found that when both urea  and chlorides are retained  they do
not accumulate quantitatively  in the same degree in the blood plasma.
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Methods.
Female  dogs were used exclusively  because of  the ease of catheteri-
zation.  Between  experiments  they were  given  a  diet of  200  gm.  of
ground beef  and 300  cc.  of water each  day.  Each  dog was subjected
to several control tests before  being  selected  for use.  The urine  was
shown by the routine  tests to be free from  albumin, casts, and  eryth-
rocytes.  The  excretion  of  phenolsulfonephthalein  and  the  content
of  urea  in  the  blood  were  found  to be  normal  before  an  experi-
ment was  started.  The  dogs  were kept in metabolism  cages  and  in
the  short  experiments  they  were  allowed  no  food.  In  the first  few
experiments,  when measured  amounts  of water  were given by  mouth
as a medium for salt administration,  vomiting often  occurred and the
results  were  not  completely  satisfactory.  In  the  later  experiments
neither  food  nor water  was  allowed  by mouth  and  sodium  chloride
was given  subcutaneously,  daily,  in a  concentration  of  about  1 per
cent;  that  is,  approximately  2 gm.  to  200  cc.  of  water,  the  exact
percentage  being  determined  quantitatively  in  each  lot  of  solution
used.  Hydronephrosis  was  produced  by  applying  rubber  bands
around  both  ureters  (Keith  and  Pulford).'  The  determinations
used  in  the  test  of  kidney  function  were:  phenolsulfonephthalein
excretion  by the  test  of  Rowntree  and  Geraghty,  urea  of  the  urine
and  the whole  blood by Marshall's  method  (1913,  a, b),  chlorides  of
the  urine  by Arnold's  modification  of Volhardt's  method  (the  inter-
fering substances that might be present in urine of dogs could scarcely
affect  the  comparative  nature  of  the  results),  and  chlorides  of  the
blood plasma  by the method  of  McLean  and Van  Slyke.  Duplicate
determinations  were  always  made.
There is considerable variation in the total amount of urine excreted
by a fasting animal  under constant fluid  intake by mouth.  In order
that the urine output might be more constant, and that more accurate
studies  on  chloride  retention  might be possible,  a  1 per  cent  sodium
chloride solution was given subcutaneously as noted above.  The daily
variations  in  the  amount  of  urine  were  thereby  minimized.  Since
the  urea  content  of  whole  blood  and  plasma  differ  so  slightly,  we
have  considered  them  here  as  identical.
All operations were performed under ether anesthesia.
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Observations on Control Animals.
Four  normal,  control,  fasting  animals  on an  average  daily  intake
of  approximately  2 gm.  of  sodium chloride  in  200  cc.  of water  given
subcutaneously  showed,  24  hours later, blood  plasma chlorides  rang-
ing from  628 to 692  mg.  for each  100 cc.  If the findings during  the
TABLE  I.
Normal Controls.
Dog
No.
1
2
3
4
Weight.
kg.
10.6
6.6
7.1
8.5
Day.
1
2
3
4
1
2
3
4
1
2
3
4
5
6
1
2
3
Intake.
Sodium
chloride.
gm.
1.87
1.87
1.87
1.87
2.20
2.20
2.20
2.20
2.20
2.20
2.20
2.20
2.20
2.20
2.16
2.16
2.16
Water.
cc.
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
Plasma
chlorides
for each
100 cc.
gm.
650
643
635
650
672
637
660
660
685
645
630
628
648
645
687
675
692
Urine output.
Volume.
cc.
120
98
96
90
98
92
101
123
130
201
178
170
145
140
90
85
78
Specific
gravity.
1.050
1.045
1.047
1.050
1.040
1.049
1.044
1.038
1.045
1.025
1.023
1.023
1.025
1.023
1.044
1.045
1.045
Sodium  chloride.
Total
amount.
gm.
2.06
1.91
1.79
1.39
0.90
1.07
1.55
2.06
2.86
2.45
2.24
2.27
2.06
1.97
1.87
2.09
1.65
Amount
for each
100 cc.
gm.
1.70
1.95
1.86
1.54
0.92
1.16
1.53
1.67
2.20
1.22
1.26
1.33
1.42
1.41
2.08
2.46
2.14
first  control  day  are  omitted,  the  variations in plasma  chlorides  in
each  animal  are distinctly small,  635  to 650,  637  to 660,  630 to  648,
and  675  to  692  mg.  for  each  100  cc.  respectively.  The  total urine
chlorides  varied from 0.90 to 2.86  gm. each day, while the concentra-
tion  ranged  from 0.92  to 2.46 gm. per  100  cc.  In one of  the control
animals  (Dog  3)  the  plasma  chlorides  were  determined  at  short
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intervals  during  the day, between  10  a.m.  and 8  p.m.  and the varia-
tions  found  were  628  to  655  mg.  (Tables  I and  II).
TABLE  II.
Variation in Plasma Chlorides during the Day.
Weight.
kg.
7.1
Date and hr.
1916
Feb. 5
"  6, 10.00  a.m.
10.05  "
12 m.
2.00 p.m.
4.00  "
8.00  "
Feb. 7,  10.00 a.m.
Intake.
Sodium
chloride.
gm.
2.20
2.20
Water.
cc.
200
200
Plasma
chlorides
for
each
100 cc.
mg.
646
655
650
646
628
645
Urine output.
Volume.
cc.
125
140
Specific
gravity.
1.025
1.023
Sodium chloride.
Total
amount.
gm.
2.05
1.96
Amount
for each
100 cc.
gm.
1.64
1.40
Observations on Animals with Acute Hydronephrosis.
In  four  animals  partial  ureteral  obstruction  was  maintained  for
from 2 to 3 days and then the obstructing  bands were removed  (Table
III).  The  functional  findings  in  three  of  these  experiments  (Dogs
5,  6,  and 7)  were similar,  while in the fourth  (Dog 8)  the total func-
tional impairment was less marked and the changes  in chloride metab-
olism  were  distinctly  different.  Although  there  was  retention  of
chlorides  in  each  experiment,  edema  was  never  observed.  During
the initial stage of the first three experiments  the increase  of urea and
chlorides  in  the  plasma  followed  definitely  different  curves.  The
greatest  chloride  increase,  from  683  to  729  mg.,  occurred  in  Dog
7  while  the  urea  rose  from  28  to  156  mg.  This relatively  slight
increase in  the chlorides,  but marked  rise  in  urea,  was  accompanied
by a  definite  decrease  in  the  urinary  excretion pf  water,  chlorides,
urea,  and  phenolsulfonephthalein.  In  Dog  6  there  was  practically
a total suppression  of urine with no increase  in the plasma  chlorides,
although  the urea  retention  in  the blood  was  marked.  This  experi-
ment  emphasized  the  fact  that  when  chloride  retention  occurs  in
Dog
No.
3
:
--------------
.TABLE  III.
Acute Hydronephrosis.
Intake.
gm.  cc.  mg.  mg.
3.00  325  35
3.00  325  669
3.00  325
3.00  325
3.00  325  664  128
3.00  325  730  91
3.00  325  750  60
3.00  325  718  42
3.00  325  750  40
3.00  325  40
2.14  200  24
2.14  200  34
2.14  200  680  124
2.14  200  681  222
2.14  200  783  79
Feb.  28  Do
Mar.  10
"  lit
"  12
"  131;
"  14
"  15
"  16
"  17
"  18
"  19
"  20
"  24
Feb.  19t
"  20
"  21
"  22
"  23
"  24
"  25
"  26
"  27
"  28
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.18
2.18
2.18
2.18
2.18
2.18
2.18
2.18
2.18
2.18
g  died  of general I
683
692
712
729
773
777
778
785
765
761
696
680
675
771
768
751
728
716
707
700
685
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
28
28
109
156
85
60
54
37
32
27
21
72
66
54
35
17
17
17
24
* Water and sodium chloride given by mouth.
t Double ureteral bands applied.
T  Double ureteral bands removed.
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Urine output.
0
Cc.
151
330
230
246
230
278
3
5
800
Sodium chloride.
-a 
gtm.
0.61
0.97
1.47
1.57
2.45
0
0
3.20
eritonitis.
226
202
120
152
415
235
180
195
250
260
220
115
112
136
202
206
140
126
145
125
127
2.22
2.21
0.24
0.22
2.92
2.77
1.45
1.17
2.10
2.35
2.30
2.07
3.67
1.52
1.05
3.25
2.28
1.96
2.34
1.93
2.42
-8
O30
gm.
0.18
0.42
0.59
0.68
0.88
0
0
0.40
0.98
1.10
0.20
0.15
0.70
1.18
0.80
0.60
0.84
0.90
1.05
1.80
3.00
1.11
0.52
1.57
1.62
1.55
1.62
1.54
1.57
Date.
1915
Nov. 29
"  30
Dec.  It
"  2
"  3t
"  4
"C  5
"  6
"  7
"  8
1916
Jan.  22
"  24t
"  25
"  26t
"'  27
z
5*
6
7
8
kg.
21.5
10.6
19.8
15.7
11.2
.I
t8
.R
Per cete
83
Tr.
48
40
66
0
0
43
62
8
37
57
64
16
55
66
8
0
gom.
18.39
13.69
10.29
10.35
7.78
9.11
11.43
4.91
8.00
22.31
15.14
11.68
11.20
11.55
4.94
4.27
6.25
7.00
4.22
3.85
4.39
_
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renal insufficiency  with retention of water,  the accumulated chlorides
in plasma  and  tissues  may  not be  made  evident  by a  quantitative
chloride  estimation  in  a  unit  volume  of  plasma.  Dog  6  died  of
peritonitis  before  complete restoration  to normal function  had taken
place.  With  removal  of  the ureteral  obstruction  in the  first  three
experiments  (Dogs  5,  6,  and  7),  the  plasma  chlorides  showed  a  re-
markable  rise  of  from  9  to  15  per  cent,  while  the  urea  decreased
rapidly.  Corresponding  with  this elevation  of the plasma  chlorides,
the  excretion  of  water,  chlorides,  urea,  and  phenolsulfonephthalein
was  increased,  although  the chloride  concentration  of  the urine  still
remained  low  (Text-figs.  1 and 2).  The urea content  of  the  plasma
M  g.
o  150  780
U
°  120  `  760
U  V.
A  90  740
g  60  720
30  700
'n  ;fi
Day  1  2  3  4  5  6  7  8  9  10  11  12  13  14
TExT-FIG.  1. Dog 7. Plasma  chlorides  and blood  urea  in experimental  hydro-
nephrosis.
quickly  reached  the  normal  level,  although  the  chloride  content
remained persistently  elevated  for several  days.  During this  period
the total renal function  gradually improved  and the chloride  concen-
tration  in  the  urine  soon  rose  to  normal.  Thus  normal  chloride
excretion  was  restored  before  the plasma  content  had  decreased  to
the  preoperative  level.  McLean  also  observed  in  a  case  of  acute
nephritis  the slow decrease  in the plasma  chlorides  compared  to the
rapid  decrease in  blood urea.
In Dog 8, in which the renal impairment was less marked, both the
plasma  chlorides  and urea  increased  rapidly  before  the  ureteral  ob-
struction  was  removed.  This distinct,  early  increase  in the  plasma
-Li
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chlorides  (680  to  768  mg.)  is in  striking  contrast  to  what  occurred
in the three previous  experiments.  On removing  the  ureteral  bands,
both  the urea  and  chlorides  rapidly  diminished  in the blood  plasma
and  the normal urinary  excretion  of  chlorides,  urea,  and  phenolsul-
cc.  Gm.  M.
500.?  5  780
6  d
400  i  4  o  760
* 300 . 3  740
200  2  720
100  1  1"  700
,o 
0 0  68ay
.....  I  I
r  IFS'>F 
1  2  3  4  5  6  7  8  9
TEXT-FIG.  2. Dog 7. Plasma  chlorides,  volume of  urine,
urine  in experimental  hydronephrosis.
M.  .
150  1  780
0
6  120  760
o 
°  90  740
Calo  0
v  60  '  720
j  30  5  700
o  E
q  o  0  680
Day
10  11  12  13  14
and  chlorides  in the
1  2  3  4  5  6  7  8  9  10
TEXT-FIG. 3.  Dog  8.  Plasma  chlorides  and  blood urea  in  experimental  hydro-
nephrosis.
fonephthalein  was  soon  restored  (Text-fig.  3).  The  ability  of  the
kidneys  to  excrete  an  adequate  amount  of  water  during  the  entire
experiment is in distinct contrast to the water retention that occurred
in  the  first three  experiments.
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Observations on Animals with Chronic Hydronephrosis.
In  a previous paper we demonstrated  that animals with low grade
ureteral  obstruction  gradually  develop  chronic  hydronephrosis.
Two  such  animals  remained  in  good  general  health  for from  4  to 5
kg.
5.8
5.5
6.0
6.7
Date.
1916
Jan.  23*
"  24
"  25
"  26
Feb.  19
"  20
"  21
Mar.  8
"  9
"  10
Apr. 5
6
7
8
"  20
"  21
"  22
TABLE  IV.
Chronic Hydronephrosis.
ig.
mg.
670
680
699
690
685
723
724
687
713
720
629
627
654
685
635
646
626
ng.
40
25
25
ing.
40
25
25
46
53
25
30
25
Urine output.
CC.
210
105
225
265
220
208
250
225
180
172
156
225
170
220
190
200
197
i0
1.018
1.023
1.020
1.020
1.027
1.017
1.018
1.016
1.018
1.018
1.019
1.022
1.018
1.022
1.020
1.017
1.017
Sodium chloride.
.0
gm.
2.14
1.18
2.38
2.65
0.79
1.58
2.28
2.21
1.65
2.15
1.69
2.77
2.03
2.14
2.40
2.40
2.44
gm.
1.02
1.12
1.01
1.00
0.36
0.76
0.91
0.87
0.90
1.25
1.09
1.23
1.20
0.97
1.26
1.20
1.23
O.0
pcr cen
2
28
11
33
28
8
0
t
gm.
1.63
0.81
1.43
0.99
2.33
2.38
2.01
2.21
* 2 months since double ureteral  obstruction  was produced  (operation  Novem-
ber 20, 1915).
Intake 2 gingm.  of sodium chloride in 200 cc. of water daily, subcutaneously.
months,  although  during  this  entire  period definite  renal  functional
impairment  could  be  demonstrated.  These  findings  closely  agree
with  the  common  clinical  experience  that patients  with obstruction
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in the lower  urinary  tract may  have  comparatively  good health  for
months or years, even with marked pathologic  changes  in the kidneys
and  greatly  reduced  renal  function.  In  one  experiment  (Dog  9,
Table  IV)  studies  in  chloride  metabolism  were  carried  out  on five
occasions  for periods  of from 3  to 4 days.  Food was not given,  and
sodium  chloride  and  water  were  administered  subcutaneously  as
outlined.  In  only  two  of  these  periods  (February  and  March)
were  the total  chloride  excretion  and concentration  in the urine  defi-
nitely  reduced,  and  associated  with  this  decreased  chloride  output
the  plasma  chlorides  showed  a moderate  rise.  During  the  periods
of  study in January  and  April the plasma  chloride  content  and  the
urinary  output and concentration  were within  normal  limits.  Thus
at the end of  this experiment  in April,  in  which  renal  function  had
been impaired  for  5  months and  marked  anatomic  changes  had  de-
veloped in the kidneys, 2 the chloride metabolism as evidenced by the
concentration  in the blood plasma  and the  total urinary output  was
normal.  The concentration  of the chlorides  in the urine at this time
tended  to be somewhat low and uniform,  but still above  the minimal
concentration  noted in  the series  of normal  controls  under  the same
experimental  conditions.  It  is  an  interesting  fact  that  this  dog
excreted  constantly a large volume of urine.
DISCUSSION.
The  results  obtained  in  these  experiments  emphasize  the  close
relationship between the water and chloride equilibrium in the animal
organism.  With  a  constant  moderate  intake  of  water  and  sodium
chloride,  as  administered  in  the  control  experiments,  the  chloride
content  of  the  plasma  and  the  daily  renal  excretion  of  water  and
chlorides remain remarkably constant.  This constancy of the chloride
balance under normal conditions was the basis of the work of Ambard
and  Weill  when  they  introduced  their  threshold  formula  for  the
excretion  of  chlorides.  When  this  finely  adjusted  mechanism  is
disturbed  by  renal injury,  as  in  these  experiments  by  an acute  or
chronic hydronephrosis,  the  close interrelationship  between the water
2 See  Keith,  N.  M.,  and  Pulford,  D.  S.,  Jr.,  Experimental  hydronephrosis.
Functional and anatomic changes in the kidney following partial ureteral obstruc-
tion, Arch. Int. Med.  .1917  xx, 864, Fig.  2.
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and chloride  balance is  still evident,  but certain  distinctly  abnormal
changes  are  brought  about.  If  water  and  chlorides  are  equally
retained in  the body, the plasma  concentration  of  chlorides  will not
rise appreciably.  This was  the case in Dogs 5, 6, and  7 (Table III).
Similar  results  were  obtained  by  Leva  in  experimental  uranium
nephritis.  The  obvious  reason  for  the  rapid  increase  of  the  urea
content of the tissues in spite of the retained water is that urea unlike
the chlorides  is being continually  produced  by the organism  in large
amounts.  The  interesting  feature  in  three  of  the  experiments  is
the striking rise in the plasma  chloride  content following the removal
of the  ureteral  obstruction.  This rise  is  chiefly  due  to  the changes
in  renal  function.  The  injured  kidney  has  regained  the  ability  to
excrete  water  and  urea  readily,  but  chloride  excretion,  in  contrast
to  water  excretion,  lags.  The  persistent  retention  of  chlorides  in
the  tissues  is  then  indicated  by  a  high  plasma  concentration,  or
threshold.  The  subsequent  gradual  fall  in  plasma  chlorides  to  the
normal level seems  to be directly  associated  with the recovery  of  the
specific  renal  function  involved  in  chloride  excretion.  The  rapid
urea  excretion  after the  removal  of  the  ureteral  obstruction  closely
follows the output of water.  We  should expect such a result because
of the high urea content of the blood and the fact that urea in contrast
to  the  chlorides  is a  non-threshold  substance.
The  experiment  (Dog  8)  furnishes  a  good  example  of  simple  or
dry  chloride  retention.  The  kidney  readily  excretes  water,  but  is
unable to eliminate  an  adequate  amount  of chlorides.  The resulting
accumulation  of  chlorides  in  the body  is  indicated  by an  increased
concentration  in  the  plasma.  Heineke  and  Meyerstein,  Leva,  and
Austin  and  Jonas  have  shown  that  a  similar  rise  in  the  blood  or
plasma chlorides  takes place in experimental  uranium nephritis when
the intake  of sodium chloride is large, as compared with that of water.
Dry  chloride  retention has  also  been  demonstrated  in  clinical  cases
of  nephritis  by Widal  and  Lemierre,  Ambard  and  Beaujard,  Leva,
and  others.
When the ureteral  obstruction  was  removed  in Dog  8  there  was  a
rapid recovery  of total renal function  including the ability  to excrete
chlorides.  The  plasma  chloride  content  fell  more  rapidly  than  in
experiments on Dogs 5 and  7, but still did not reach the control  level
for  several  days  after  the blood  urea  was  normal.
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In  the  single  experiment  on  chronic  hydronephrosis  (Dog  9)  it is
significant  that  the  chloride  metabolism  under  these  experimental
conditions deviated so little from the normal.  The constant increased
excretion of urine, or polyuria, such a common phenomenon in chronic
renal  lesions,  appears  to  be  the  compensating  mechanism  which
prevents  any  marked  retention  of  chlorides,  urea,  or  water.  The
renal  cells  in  diffuse  chronic  nephritis  work  at  a maximal  excretory
rate during  the entire  24 hours,  and  thus for  a time  are  able  to rid
the  body  of  its  accumulated  excretory products.  Probably,  if more
sodium  chloride had been  administered  in the same volume  of water
during  the  foregoing  experimental  periods,  a  noticeable  chloride
retention would have resulted and caused a rise in the plasma chlorides.
In experiments  on Dogs 6 and  7 the plasma chlorides  do not show
any appreciable  increase  during the initial period.  The explanation
for the failure  of the plasma  chlorides to  rise when there was definite
chloride  retention  would  appear  to  be  the  dilution  by  the  retained
water of the tissue  chlorides as a whole.  This explanation might also
account  for  the  low  plasma  chloride  concentration  reported  by
Heineke  and  Meyerstein  in  experimental  chromate  and  uranium
nephritis  and  also  in clinical  cases  of  severe  renal  insufficiency.  In
the latter, low plasma chlorides have  been noted by Lewis and Rivers
in bichloride poisoning,  by Major  in chromic  acid poisoning,  and by
Keith and Thomson in acute glomerular nephritis.  In all these cases
oliguria  or anuria was present  and the intake of fluids  was  high.
SUMMARY.
1. In  acute  experimental  hydronephrosis  chloride  retention  occurs
as well  as  retention  of water,  urea,  and phenolsulfonephthalein.
2.  If both water and chlorides are retained  there may be no appre-
ciable rise in the plasma chloride  content.
3.  When chlorides  are retained, but not water,  the chloride  content
of the plasma rises strikingly.
4. After  the  removal  of  the  ureteral  obstruction  in  acute  hydro-
nephrosis  all  renal  functions,  water,  urea,  and  chloride  excretion,
may  be  rapidly  restored  in  equal  degree,  or  the  chlorides  may  be
retained  temporarily  while  there is free  excretion  of water  and urea.
5.  In chronic  hydronephrosis  adequate  daily excretion  of urea'and
chlorides  may  be maintained  by  a  compensatory  polyuria.
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6.  Chloride retention  or an abnormal  chloride excretion may occur
in certain renal lesions when  there  is no  change  in the  urea, phenol-
sulfonephthalein,  or water  excretion.
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